The analysis of the information ow in a feedforward neural network suggests that the output of the network can be used to compute a structural entropy for the sequence-tosecondary structure mapping. On this basis we formulate a minimum entropy criterion for the identi cation of minimally frustrated traits with helical conformation that correspond to initiation sites of protein folding. The entropy of protein segments can be viewed as a nucleation propensity that is useful to characterize putative regions where folding is likely to be initiated with the formation of stretches of -helices under the predominant in uence of local interactions. Our procedure is successfully tested in the search for initiation sites of protein folding for which independent experimental and computational evidence exists. Our results lend support to the view that folding is a hierarchical event in which, in harmony with the minimal frustration principle, the nal conformation preserves structural modules formed in the early stages of the process.
Quite recently, the advent of powerful experimental and computational approaches 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] have led to an upsurge of interest in the pathways of protein folding.
Such pathways are usually investigated by direct observation of the forward process leading from the shapeless molecule to the nal structural organization. Here we take a backward approach to the problem and show that the study of native structures of globular proteins sheds light on the chronology of structure formation and ultimately provides a test of the principle of minimal frustration 14, 15]. In this context, one of the basic questions that is being posed is whether dissecting the fold of proteins in a hierarchy of structures, besides being an instrumental way to handle with their architectural complexity, re ects some fundamental feature of protein folding. Furthermore, it has been argued that the folding process must be parallelized and must avoid non productive pathways that end up in low energy non native conformations 10, 12, 16, 17]. Such dead ends may be the typical fate of protein folding due to the fact that proteins are frustrated systems, i.e. systems for which the simultaneous minimization of all interaction energies is impossible 15]. This entails that proteins are characterized by a rugged energy landscape where a huge number of relative minima corresponds to misfolded structures.
The most remarkable e ect on the kinetics of folding is that the random search for the lowest energy structure takes inordinately large times that exceed by several orders of magnitude the folding times of real proteins (Levinthal's paradox) 18]. The paradox can be circumvented by assuming that the inevitable frustration of proteins is reduced by the existence of some local uence of local   forces 10, 11, 13, 19, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34] . Thus in the early stages of folding local search involves residues close to each other in sequence and results in the formation of stretches of secondary structure that may possibly be stabilized by nonspeci c long-range interactions in the form of hydrophobic e ects or the formation of a molten globule 10, 12, 20, 23, 26, 35, 36, 37]. Our interest is mainly focused on the formation of the earliest traits of helical secondary structure that are supposed to be conserved throughout the remainder of the folding process 11, 13, 19, 29, 30, 35, 38] and form the core of the nucleation sites stabilized later. In particular we pursue the aim of testing the hypothesis that -helices may function as independent \seeds for folding" 38].
The present work relies on the notion that local interactions are a necessary prerequisite for both the formation of native secondary structure and the foldability of proteins 13, 35, 39, 40].
This justi es the application of a method that is primarily sensitive to local interactions in order to detect -helix fragments that are viable candidates for the role of minimally frustrated initiation sites. To this end we take advantage of recent progress in the prediction of protein secondary structures from the residue sequence with neural networks 41] to estimate the nucleation propensity of traits of the protein molecule. We use a feed-forward neural network with standard backpropagation learning algorithm. In the present set up, more thoroughly described in refs. 41, 42], the current input pattern I is generated by a sliding window, 13 residues in length, scanning the whole residue sequence. The output layer contains two real valued output neurons, with activations o i I 2 0; 1], i = 1; 2. Each of them codes for a speci c structural class i ( -helix, non -helix) to be ascribed to the residue lying in the central position of the current input I (for brevity, the structure will be thought of as being assigned to the pattern I). Between the input and the output layers there is an additional hidden layer comprising two neurons.
The essential premise to our method is that the network reconstructs a mapping from the space of amino acid sequences to the space of the secondary structures that is equivalent, in some average sense detailed below, to the real folding process and can be viewed as an implementation of An nsen's hypothesis 43]. It can be stated that the neural network mimics protein folding in that the mapping has been proved to be equivalent to a model of the early stages of protein where C indicates the remainder of the protein sequence, or context, and n is the native structure. It is evident that the output of the perceptron captures less information than is needed for the unambiguous assignment of the local structure. As expected, the neglect of relevant pieces of information contained in C introduces some degree of uncertainty. In more rigorous terms, the relationship o i I = P ( i j I) = X C P ( i j I; C)P(C); 8 i (2) shows that the structural assignment, carried out by the network on the basis of the bare pattern I, relies on an average over all contexts (more precisely, over the contexts contained in the training set). Even when the network is working at its best, the approximation entailed by the averaging procedure is the main performance limiting factor 45] for those patterns whose essential determinants of the native secondary structure reside in the tertiary structure of the protein 47, 48]. Conversely, averaging has little e ect on the patterns I r , henceforth termed reliable, whose secondary structure is largely independent of the context C. In fact, if we express the de ning property of reliable patterns as @P ( i j I r ; C)=@C = 0; 8 i (3) and make use of Eq. 1, the above average over contexts simpli es to P C P ( n j I r ; C)P(C) = P ( n j I r ; C) P C P (C) = 1, which ultimately implies P ( n j I r ) = 1. However, under actual working conditions, it is to be expected that only approximate convergence is realized by the 
which, in the following, will be referred to as the local version of the thermodynamic hypothesis.
Eq. 4 provides a useful alternative de nition of reliable patterns in terms of the output of the network.
A more practical way to implement the criterion of Eq. 4 is to de ne the entropy of the output vector
and turn Eq. 4 into a minimal entropy criterion,
Some remarks about the physical content of Eq. 3 are in order to elucidate the meaning of the minimal entropy criterion of Eq. 6. Our selection of the reliable helices through Eq. 3
bears on the question about the relative weight of local and long-range (tertiary) contacts in the stabilization of the secondary structure. As far as the reliable traits with helical conformation are concerned Eq. 3 is compatible with two alternative views but the properties of the reliable patterns thus selected change correspondingly. In the rst case the reliable pattern is contextindependent and intrinsically stable so that it can assume its native structure in solution even when it is excised from the protein. This conjecture enables us to convert the search of the initiation sites of folding to the problem of assessing, for any input I, the conformity of the o i I with Eq. 4. Accordingly, a useful test of the minimal entropy criterion can be carried out by comparing our predictions with data from the literature concerning the existence and location of folding intermediates and initiation sites. In order to select the initiation sites of folding we draw plots of S I along the residue sequence of each protein. After the signal is regularized, by averaging S I over k neighbouring residues, we search the entropy pro le for the most pronounced minima corresponding to native helices that, supposedly, are correctly identi ed by the network. Fig. 1 exempli es the trend of the average entropy S k with k = 5, that is the requisite span compatible with the shortest stretches of -helices. Fig. 2 con rms that we may be con dent that the entropy-driven selection of the helices predicted by the neural network is a reliable procedure shown that some of the initiation sites predicted in Fig. 3 settle autonomously in the helical conformation even when they belong to isolated peptides in solution. This is the case of the helices a, b and c of 7RSA studied in 51, 52, 53], and the a helices of 2MM1 and 1HRC tested in 54, 55] . However the twofold interpretation of our selection rule for reliable patterns (Eq.
3) does not allow one to infer that isolated reliable patterns are necessarily stable in solution.
Examples of such segments for which the local helical propensity must be assisted by a suitable 
